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1XPHULFDOLQYHVWLJDWLRQIRU(QKDQFLQJ&2,QMHFWLYLW\LQ6DOLQH
$TXLIHUV
.HQL=KDQJDE<DTLQ;XD/XOX/LQJDDQG<DQJ:DQJD
D&ROOHJHRI:DWHU6FLHQFHV%HLMLQJ1RUPDO8QLYHUVLW\%HLMLQJ35&KLQD
E(DUWK6FLHQFHV'LYLVLRQ/DZUHQFH%HUNHOH\1DWLRQDO/DERUDWRU\%HUNHOH\&$86$
$EVWUDFW
(YHQWKRXJKWKHVWRUDJHSRWHQWLDORIVDOLQHDTXLIHUVLVKXJHWKHHIIHFWLYHLQMHFWLRQRIODUJHDPRXQWVRIFDUERQGLR[LGH
LQWR WKH UHVHUYRLU LV YHU\ FKDOOHQJLQJ 0DQ\ VDOLQH DTXLIHUV KDYH UHODWLYHO\ ORZ SHUPHDELOLW\ ZKLFK OLPLWV WKH
LQMHFWLYLW\RI&2WRWKHDTXLIHUV,QMHFWLYLW\LVRQHRINH\IDFWRUVIRUGHWHUPLQLQJWKHIHDVLELOLW\IRUVWRUDJHRI&2LQ
D EULQH ILHOG ,W LV GHWHUPLQHGE\PDQ\ IDFWRUV VXFK DV LQMHFWLRQSUHVVXUH WKH OHQJWKRI WKH LQMHFWLRQZHOO VFUHHQ
SRURVLW\DQGSHUPHDELOLW\RIWDUJHWIRUPDWLRQV,QWKLVSDSHUQXPHULFDOVLPXODWLRQVWXGLHVRI&2LQMHFWLRQLQWREULQH
VDWXUDWHGUHVHUYRLUVKDYHEHHQFRQGXFWHG WR LQYHVWLJDWHDSSURDFKHVIRUHQKDQFLQJ&2 LQMHFWLYLW\E\PRGLI\LQJ WKH
LQMHFWHGIOXLGSURSHUWLHVXVLQJORQJHULQMHFWLRQVFUHHQVHOHFWLQJGLIIHUHQWLQMHFWLRQGHSWKDQGLQWURGXFLQJK\GUDXOLF
IUDFWXULQJ DQG DFLGL]LQJ IRU VWRUDJH DTXLIHU LPSURYHPHQW 7KH VWXGLHV FRQFOXGH WKDW WKH &2 LQMHFWLYLW\ FDQ EH
LPSURYHGWKURXJKDSSURSULDWHDSSURDFKHV

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
7KH$XWKRUV3XEOLVKHGE\(OVHYLHU/WG
6HOHFWLRQDQGRUSHHUUHYLHZXQGHUUHVSRQVLELOLW\RI*+*7


.H\ZRUGV6DOLQHDTXLIHUV,QMHFWLYLW\+\GUDXOLFIUDFWXULQJ6DQLOLW\
,QWURGXFWLRQ
$PRQJJHRORJLFDO IRUPDWLRQV IRU FDUERQGLR[LGH VWRUDJHGHHS VDOLQH DTXLIHU LV FRQVLGHUHG DV WKH
PRVWSURPLVLQJUHVHUYRLUGXHWRLWVKXJHSRWHQWLDODQGFRPPRQRFFXUUHQFHZKHQFRPSDUHGWRRLODQGJDV
UHVHUYRLUV(YHQ WKRXJK WKH VWRUDJHSRWHQWLDO RI VDOLQH DTXLIHUV LV KXJH WKH HIIHFWLYH LQMHFWLRQRI ODUJH
DPRXQW WR WKH UHVHUYRLU LV YHU\FKDOOHQJLQJ ,QMHFWLYLW\ LV DYHU\ LPSRUWDQW YDULDEOH IRU&2JHRORJLFDO
VHTXHVWUDWLRQLQDEULQHDTXLIHU,QMHFWLRQUDWHLQFUHDVHVZLWKLQFUHDVHRILQMHFWLRQSUHVVXUH)RUHFRQRPLF
UHDVRQVSHRSOHWHQGWRLQMHFW&2DWWKHODUJHVWSRVVLEOHUDWHVZLWKORZHVWFRVWE\XVLQJVPDOOHVWQXPEHU
RIZHOOVDQGVLPSOHVWZHOOV7KXVDW\SLFDO&2LQMHFWLRQZHOO LV OLNHO\WRUXQDW WKHODUJHVWERWWRPKROH
SUHVVXUHWKDWLVVDIH
Available online at www.sciencedirect.com
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of GHGT
3348   Keni Zhang et al. /  Energy Procedia  37 ( 2013 )  3347 – 3354 
,QMHFWLYLW\LVGHWHUPLQHGE\PDQ\IDFWRUVVXFKDVWKHOHQJWKRILQMHFWLRQZHOOVFUHHQRUWKLFNQHVVRI
VWRUDJHIRUPDWLRQSRURVLW\DQGSHUPHDELOLW\RIWDUJHWIRUPDWLRQV+RZHYHULWGRHVQRWDOZD\VH[LVWRI
LGHDOWKLFNKLJKSHUPHDEOHDTXLIHUVQHDUVWDWLRQDU\&2HPLVVLRQVRXUFHV7RLQFUHDVHWKHLQMHFWLRQUDWHV
SHRSOH PD\ FRQVLGHU XVLQJ PRUH LQMHFWLRQ ZHOOV DGRSWLQJ KRUL]RQWDO ZHOOV RU LPSURYLQJ DTXLIHU
FRQGLWLRQV WKURXJK K\GUDXOLF IUDFWXULQJ $OO WKHVH DSSURDFKHV DUH FRVWO\ RU WHFKQLFDOO\ FKDOOHQJLQJ$
FRQVWDQWSUHVVXUHZHOOH[KLELWVDYDU\LQJUDWHRI&2LQMHFWLRQIRUIROORZLQJUHDVRQVPXOWLSKDVHIORZ
HIIHFWVFDSLOODU\HIIHFWVGXHWR&2ZDWHUUHSODFHPHQWQHDUWKHZHOOERUHFKDQJHRISHUPHDELOLW\
GXH WR SUHFLSLWDWLRQ RI GLVVROYHG VDOWV  0RELOLW\ RI VXSHUFULWLFDO &2 DQG PL[WXUH ZLWK EULQH LQ WKH
IRUPDWLRQGHWHUPLQHWKHYDULDWLRQRILQMHFWLYLW\0RGLI\LQJIOXLGSURSHUWLHVRUFKDQJHLQMHFWLRQRSHUDWLQJ
FRQGLWLRQPD\DOVRKHOSLQLPSURYLQJWKHLQMHFWLYLW\7KHWZRSKDVHEHKDYLRXURI&2DQGEULQHPL[WXUH
XQGHUWKHFRQGLWLRQVHTXLYDOHQWWRJHRORJLFDOVWRUDJHLVYHU\FRPSOLFDWHG$IXOOXQGHUVWDQGRIWKHIORZ
SKDVHEHKDYLRXUZLOOKHOSLQLPSURYHPHQWRILQMHFWLYLW\

$YHU\OLPLWHGQXPEHURIVWXGLHVIRULQMHFWLYLW\RI&2VWRUDJHLQVDOLQHDTXLIHUVKDYHEHHQFDUULHG
RXW %XUWRQ HW DO>@ GHYHORSHG DQDO\WLFDO H[SUHVVLRQV IRU WKH LQMHFWLYLW\ YDULDWLRQ LQ WHUPV RI SKDVH
PRELOLWLHVDQGWKHVSHHGVRIVDWXUDWLRQIURQWV7KH\IRXQGDIRXUIROGYDULDWLRQLQLQMHFWLYLW\ZKHQVHYHQ
GLIIHUHQW&2EULQHUHODWLYHSHUPHDELOLW\FXUYHVDUHXVHGKROGLQJDOORWKHUUHVHUYRLUSDUDPHWHUVWKHVDPH
-LNLFKHWDO>@VKRZHGWKDWIRUDIL[HG&2LQMHFWLRQSUHVVXUHWKHDWWDLQDEOH&2LQMHFWLRQUDWHLQFUHDVHV
ZLWK KRUL]RQWDO ZHOO OHQJWK 2NZHQ HW DO >@ LQYHVWLJDWHG WKH HIIHFW RI ZHOO RULHQWDWLRQ YHUWLFDO YV
KRUL]RQWDO DQGZHOO OHQJWK RQ WKH LQMHFWLRQ RI &2 LQ GHHS VDOLQH DTXLIHUV WKURXJK QXPHULFDOPRGHOV
7KH\FRQFOXGHGWKDWKRUL]RQWDOZHOOVPD\EHSUHIHUDEOHLIWKHJRDOLVWRVHTXHVWHUDODUJHDPRXQWRI&2
LQ D VKRUW SHULRG RI WLPH EXW GR QRW RIIHU D VLJQLILFDQW DGYDQWDJH LQ WHUPV RI ORQJWHUP FDSDFLW\ RI D
SRWHQWLDOUHSRVLWRU\

,Q WKLVSDSHUQXPHULFDOPRGHOLQJVWXGLHV IRUFDUERQGLR[LGH LQMHFWLRQ LQWREULQHVDWXUDWHGUHVHUYRLUV
KDYH EHHQ FRQGXFWHG WR LQYHVWLJDWH HIIHFWLYHQHVV RI DSSURDFKHV IRU HQKDQFLQJ &2 LQMHFWLYLW\ E\
PRGLI\LQJ WKH LQMHFWHG IOXLG SURSHUWLHV XVLQJ KRUL]RQWDO ZHOO ZLWK GLIIHUHQW OHQJWK VHOHFWLQJ GLIIHUHQW
LQMHFWLRQ GHSWK DQG LQWURGXFLQJ K\GUDXOLF IUDFWXULQJ DQG DFLGL]LQJ IRU VWRUDJH DTXLIHU LPSURYHPHQW
+\SRWKHWLFDO&2LQMHFWLRQPRGHOVZHUHGHYHORSHGE\LQFRUSRUDWLQJGHWDLOHGZHOOGHVLJQIRUWKHVWXGLHV
7KHJHQHUDOSDUDOOHOPXOWLSKDVHIORZVLPXODWRU728*+03>@>@LVVHOHFWHGIRUWKHUHVHUYRLUVLPXODWLRQV
7KHRUHWLFDO,QYHVWLJDWLRQ
/DUJH VFDOH LQMHFWLRQ RI &2 LQWR D VDOLQH DTXLIHU ZLOO LQGXFH D YDULHW\ RI FRXSOHG SK\VLFDO DQG
FKHPLFDOSURFHVVHVLQFOXGLQJPXOWLSKDVHIOXLGIORZIOXLGSUHVVXUL]DWLRQDQGJHRPHFKDQLFDOHIIHFWVROXWH
WUDQVSRUW DQG FKHPLFDO UHDFWLRQV EHWZHHQ IOXLGV DQG IRUPDWLRQ PLQHUDOV 7KHVH SURFHVVHV PD\ FDXVH
YDULDWLRQRILQMHFWLRQUDWHV9DULDWLRQRIFDSLOODU\SUHVVXUHDQGIOXLGYLVFRVLW\GXULQJWKHPXOWLSKDVHIORZ
SURFHVVZLOO OHDG WR IOXLGPRELOLW\ FKDQJH  &RQWLQXH LQMHFWLRQ RI &2 LQWR DQ DTXLIHUZLOO SURGXFH DQ
LQFUHDVH LQSRUHSUHVVXUHZKLFK LQ WXUQZLOO DOWHU WKHHIIHFWLYH VWUHVV VWDWH OHDGLQJ WRSHUPHDELOLW\DQG
SRURVLW\ YDULDWLRQV ,Q DGGLWLRQ VROXWH WUDQVSRUW ZLOO HQKDQFH FKHPLFDO UHDFWLRQ EHWZHHQ &2 DQG WKH
IRUPDWLRQPLQHUDOVDQG WKHFKHPLFDO UHDFWLRQSURFHVVHVZLOO OHDG WR WKHSUHFLSLWDWLRQRIVROLGPLQHUDOV
7KLVUHVXOWVLQDSRURVLW\GHFUHDVHZLWKDQDVVRFLDWHGSRWHQWLDOIRUVLJQLILFDQWGHFUHDVHLQSHUPHDELOLW\>@
3HUPHDELOLW\LVRQHRIWKHNH\IDFWRUVWKDWGHWHUPLQHWKHLQMHFWLYLW\RIDVWRUDJHIRUPDWLRQ,WVFKDQJHZLOO
GHILQLWHO\OHDGWRWKHFKDQJHRILQMHFWLYLW\

0RYHPHQWRIZDWHU1D&O&2PL[WXUHVLQWKHVWRUDJHIRUPDWLRQIROORZVWKHPXOWLSKDVHH[WHQVLRQ
RI'DUF\¶VODZ>@7KHSKDVHIOX[HV)ȕDUHJLYHQE\
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
ZKHUHN LV WKH LQWULQVLF SHUPHDELOLW\ȡȕ LV WKHGHQVLW\RI SKDVHȕNUȕ LV WKH UHODWLYHSHUPHDELOLW\ RI
SKDVHȕȝȕLVWKHIOX[YLVFRVLW\RISKDVHȕDQGJLVWKHJUDYLWDWLRQDODFFHOHUDWLRQ
7RDFKLHYHKLJKHVWLQMHFWLRQUDWHDPD[LPXPVDIHSUHVVXUHQHHGVWREHVHOHFWHGIRUWKHLQMHFWLRQ2QFH
WKHLQMHFWLRQSUHVVXUHLVIL[HGWKHLQMHFWLRQUDWHLVGHWHUPLQHGE\IOXLGGHQVLW\LQWULQVLFSHUPHDELOLW\DQG
PRELOLW\ NUȕȝȕ ,QWULQVLF SHUPHDELOLW\ N LV WKH SURSHUW\ RI D IRUPDWLRQ ZKLFK PD\ RQO\ EH DOWHUHG
WKURXJKFRVWO\PHFKDQLFDORUFKHPLFDOSURFHVVHV,WLVDOVRSRVVLEOHWRHQKDQFHWKHLQMHFWLYLW\E\DOWHULQJ
WKH LQMHFWHG IOXLG SURSHUWLHV VXFK DV UHGXFWLRQ RI LWV GHQVLW\ RU LQFUHDVH RI LWV PRELOLW\ E\ UHGXFLQJ
YLVFRVLW\RULQFUHDVLQJUHODWLYHSHUPHDELOLW\9LVFRVLW\LVDPHDVXUHRIWKHUHVLVWDQFHRIDIOXLGZKLFKLV
EHLQJGHIRUPHGE\HLWKHUVKHDUVWUHVVRUWHQVLOHVWUHVV8QGHUGLVSRVDOFRQGLWLRQVVXSHUFULWLFDO&2WKH
YLVFRVLW\RIFDUERQGLR[LGHFDQEH OHVV WKDQ WKHYLVFRVLW\RI WKHDTXHRXVSKDVHE\D IDFWRURI)OXLG
GHQVLW\ DQG PRELOLW\ DUH IXQFWLRQV RI WHPSHUDWXUH DQG SUHVVXUH 7KURXJK FKDQJHV RI LQMHFWHG IOXLG
WHPSHUDWXUHRUDQGLQMHFWLRQSUHVVXUHWKHLQMHFWLYLW\PD\FKDQJHLQWKHVDPHIRUPDWLRQFRQGLWLRQV
0RGHO6WXGLHV
&RQFHSWXDOPRGHO
+\SRWKHWLFDO&2 LQMHFWLRQVDUHDGRSWHG IRU WKLV VWXG\7KH LQMHFWLRQSURFHVVHVDUH VLPXODWHGZLWKD
VLPSOLILHGWKUHHGLPHQVLRQDO'QXPHULFDOPRGHO7KH'PRGHOFRYHUVDQDUHDRINPîNP7KH
LQMHFWLRQZHOO LV ORFDWHG LQ WKH FHQWHU RI WKHPRGHO GRPDLQ 7KH VWRUDJH IRUPDWLRQ LQWR ZKLFK &2 LV
LQMHFWHG ORFDWHG DW D GHSWK RI DSSUR[LPDWHO\  P EHORZ WKH JURXQG VXUIDFH LV  P WKLFN DQG
ERXQGHGDWWKHWRSE\DVHDOLQJOD\HUPWKLFN)LJXUHVKRZVWKHVFKHPDWLFGLDJUDPRI';=FURVV
VHFWLRQRIWKHPRGHOGRPDLQ7ZRWKUHHGLPHQVLRQDOXQVWUXFWXUHGPHVKHVIRUGLIIHUHQWLQMHFWLRQVFKHPHV
ZHUHGHVLJQHGDVVKRZQLQDSODQYLHZLQ)LJXUHIRUWKHPRGHOGRPDLQGLVFUHWL]DWLRQ

)LJ';=FURVVVHFWLRQYLHZRIWKH'PRGHOIRUEDVHFDVH
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)LJ3ODQHYLHZRIWKH'PHVKD0HVKIRUFDVHVRIYHUWLFDOZHOODQGDPOHQJWKK\GUDXOLFIUDFWXULQJ]RQH5HGOLQH
IUDFWXULQJ]RQH %OXHDUHDLQIOXHQFH]RQHEFDVHVZLWKKRUL]RQWDOZHOO
0RGHOSDUDPHWHUVDQGLQYHVWLJDWLRQFDVHV
&DUERQGLR[LGHLVLQMHFWHGWKURXJKDERUHKROHZLWKDFRQVWDQWSUHVVXUHIRU\HDUV7KHVLPXODWLRQ
UXQVFRYHUDWLPHSHULRGRI\HDUV([FHSWWKHFDVHVIRULQYHVWLJDWLRQRIWHPSHUDWXUHLQIOXHQFHRQWKH
LQMHFWLYLW\LWLVDVVXPHGWKDWWKHWHPSHUDWXUHZLWKLQWKHVWRUDJHDTXLIHUGRHVQRWFKDQJHZLWKWLPHDQGWKH
V\VWHPLVFRQVLGHUHGLVRWKHUPDO)RUWKHLVRWKHUPDOVLPXODWLRQV WHPSHUDWXUHLVDOVRQHHGHGWRFDOFXODWH
WKH IOXLG SURSHUWLHV VXFK DV GHQVLW\ DQG YLVFRVLW\ 7KH LQLWLDO WHPSHUDWXUH YDULHV OLQHDUO\ ZLWK GHSWK
DVVXPLQJDJHRWKHUPDOJUDGLHQWRI&SHUPGHSWKDQGWKHWHPSHUDWXUHRI&DWWKHODQGVXUIDFH
,QLWLDOSUHVVXUHGLVWULEXWLRQLQWKHVLPXODWLRQGRPDLQIROORZVK\GURVWDWLFHTXLOLEULXP9HUWLFDOK\GUDXOLF
FRPPXQLFDWLRQ DW WKH WRS DQG ERWWRP RI WKH GRPDLQ ZLWK RXWVLGH IRUPDWLRQV LV ZHDN %RWK WRS DQG
ERWWRP ERXQGDULHV DUH FRQVLGHUHG DV LPSHUPHDEOH ERXQGDU\ 7KH ODWHUDO ERXQGDULHV RI WKH V\VWHP DUH
RSHQ7KHLQMHFWLRQSUHVVXUHLVDERXWWLPHVWKHK\GURVWDWLFSUHVVXUH

7KHSDUDPHWHUVXVHGIRUWKLVVWXG\DUHJLYHQLQ7DEOH7KHVWRUDJHIRUPDWLRQLVORZSHUPHDELOLW\
VDQGVWRQHZKLFKLVDVVXPHGWREHQRQGHIRUPDEOHDQGLQLWLDOO\VDWXUDWHGZLWKEULQH7KHSHUPHDELOLW\RI
WKHIRUPDWLRQLVKRPRJHQHRXVEXWPD\YDU\GXHWRVDOWSUHFLSLWDWLRQRUGLVVROXWLRQGXULQJ&2LQMHFWLRQ
,QDOOFDVHVERWKDTXLIHUDQGDTXLWDUGIRUPDWLRQVKDYHEHHQDVVLJQHGWKHVDPHVHWRISURSHUWLHVZLWKRXW
YDULDWLRQ LQGHSWK7KHYHUWLFDOKRUL]RQWDO UDWLRRI SHUPHDELOLW\ LV DVVXPHG WREH LQ DOO WKH OD\HUV
9DQ*HQXFKWHQPRGHO LV XVHG WR FDOFXODWH WKH FDSLOODU\ SUHVVXUH DQG UHODWLYH SHUPHDELOLW\ RI WKH WZR
SKDVHIORZRI&2DQGZDWHU

'LIIHUHQW VLPXODWLRQFDVHVDUHGHVLJQHG WR LQYHVWLJDWH WKH LQIOXHQFHRI IOXLGSURSHUWLHVRQ WKH&2
LQMHFWLYLW\7KHEDVHFDVHLQYHVWLJDWHV&2LQMHFWLYLW\XQGHUWKHDVVXPHGFRQGLWLRQVDVVKRZQLQ7DEOH
ZLWKLQMHFWLRQDWWKHGHSWK P5HVXOWVRIRWKHUFDVHVZLOOFRPSDUHZLWKWKRVHIURPEDVHFDVH
+\GUDXOLFIUDFWXULQJDQGDFLGL]LQJIRUVWRUDJHDTXLIHULPSURYHPHQWLVWDNHQLQWRDFFRXQWLQFDVHDDQG
FDVHEVHH7DEOH&DVHDUHGXFHVWKHIRUPDWLRQZDWHUVDOLQLW\WRZKLOHFDVHEDQGFDVHF
LQFUHDVHVWKHVDOLQLW\WRDQGUHVSHFWLYHO\7KHSXUSRVHRIWKHVHFDVHVLVWRH[DPLQHWKHLQIOXHQFH
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RIVDOLQLW\RQWKHLQMHFWLRQUDWH,QWKHFDVHGSULRUWRLQMHFWLRQRI&2ZHILUVWO\LQMHFWSXUHZDWHULQWR
WKHIRUPDWLRQRYHUGD\V7KLVFDVHZLOOVKRZWKHHIIHFWRIORZVDOLQLW\VXUURXQGLQJWKHZHOOERUHRQWKH
&2LQMHFWLRQUDWH'LIIHUHQWOHQJWKVRIKRUL]RQWDOZHOOVDUHLQWURGXFHGLQFDVHDaFDVHFZLWKOHQJWKRI
DQGPIRUWKHWKUHHFDVHVUHVSHFWLYHO\7KHSHUIRUDWLQJSRVLWLRQRQLQMHFWLRQZHOOLVDGMXVWHG
LQFDVHD PDQGE P,QFDVHDaFDVHHWKHWHPSHUDWXUHRIWKHLQMHFWHG
&2LVH[SORUHG,WLVH[SHFWHGWKDWWKHLQMHFWHG&2WHPSHUDWXUHZLOOLQIOXHQFHLQMHFWLYLW\&DVHDaFDVH
H DUHQRQLVRWKHUPDO VLPXODWLRQVZKLFK WDNH LQWR DFFRXQW WKH V\VWHP WHPSHUDWXUH FKDQJHVRYHU WLPH
7KH LQMHFWHG&2 WHPSHUDWXUH IRU WKHFDVHVDWKH VDPHDV IRUPDWLRQ WHPSHUDWXUHE & ORZHU WKDQ
LQLWLDO IRUPDWLRQ WHPSHUDWXUH F  & KLJKHU WKDQ LQLWLDO IRUPDWLRQ WHPSHUDWXUH G & KLJKHU WKDQ
LQLWLDOIRUPDWLRQWHPSHUDWXUHDQGH&KLJKHUWKDQLQLWLDOIRUPDWLRQWHPSHUDWXUH
6XSHUFULWLFDOFDUERQGLR[LGH LV LQMHFWHGZLWKFRQVWDQWSUHVVXUHV IRUDOOFDVHV7KH LQMHFWLRQSUHVVXUHV
DUHGHWHUPLQHGEDVHGRQK\GURVWDWLFVSUHVVXUHDWWKHLQMHFWLRQSRLQW&RQVWDQWSUHVVXUHLQMHFWLRQZLOOKHOS
LQDQDO\VLVRIWKHLQIOXHQFHRIVLQJOHSDUDPHWHURQWKHLQMHFWLRQUDWH
7DEOH+\GURJHRORJLFDODQGWKHUPRG\QDPLFDOSURSHUWLHVXVHGLQWKHEDVHFDVHVLPXODWLRQ
3URSHUWLHV 9DOXHVIRUDTXLIHU 9DOXHVIRUDTXLWDUG
KRUL]RQWDO  (
3HUPHDELOLW\P'
YHUWLFDO  (
3RURVLW\  
5RFNGHQVLW\NJÂP  
+HDWFRQGXFWLYLW\:ÂPÂ   
5RFNJUDLQVSHFLILFKHDW-ÂNJÂ   
3RUHFRPSUHVVLELOLW\3D ( (
6DOLQLW\;1D&O   
5HVLGXDOZDWHUVDWXUDWLRQ6OU  
5HVLGXDO&2VDWXUDWLRQ  
3DUDPHWHU   
7DEOH6HQVLWLYLW\VFHQDULRVIRUK\GUDXOLFIUDFWXULQJFDVHV
&DVHQDPH 3URSHUWLHV  )UDFWXUH]RQH $IIHFWHGIUDFWXUH]RQH
+RUL]RQWDO  
3HUPHDELOLW\P'
9HUWLFDO  &DVHD
3RURVLW\   
+RUL]RQWDO  
3HUPHDELOLW\P'
9HUWLFDO  &DVHE
3RURVLW\   
5HVXOWDQG'LVFXVVLRQ
,PSDFWRIK\GUDXOLFIUDFWXULQJRQLQMHFWLYLW\
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$VVKRZQLQ)LJXUHGLIIHUHQWGHJUHHVRIK\GUDXOLFIUDFWXULQJFDVHVVKRZGLIIHUHQWLQMHFWLRQUDWHV
GXULQJWKHLQMHFWLRQSHULRG7KHDTXLIHUUHVHUYRLUNHHSVLQUHODWLYHXQVWDEOHVWDWHDIWHULQMHFWLQJ&2IRUD
VKRUWWLPHDQGLQMHFWLRQUDWHIOXFWXDWHVJUHDWO\7KHPDLQSK\VLFDOPHFKDQLVPVPD\EHWKHGLVSODFHPHQW
RIEULQHDZD\IURPWKHLQMHFWLRQZHOOE\LQMHFWHGLPPLVFLEOH&2IOXLGZKLFKOHDGWRVKDUSLQFUHDVHLQ
UHVHUYRLUSUHVVXUH$IWHUDZKLOH&2PLJUDWHVDZD\IURPWKHZHOOERUHDQGJUDGXDOO\GLVVROYHVWRZDWHU
,W LV REYLRXV WKDW WKH LQMHFWLRQ UDWH LQFUHDVHV D ORW WKURXJK K\GUDXOLF IUDFWXULQJ LQ HDUO\ VWDJH 7KH
LQMHFWLRQUDWHRIFDVHE LV ODUJHU WKDQ WKDWRIFDVHDDQGEDVHFDVHZKLFK LQGLFDWHV WKDW LQMHFWLRQUDWH
LQFUHDVHVZLWKDJUHDWHUGHJUHHRIIUDFWXULQJ+\GUDXOLFIUDFWXULQJFRQWULEXWHVWRWKHLQFUHDVLQJRISRURVLW\
DQGWKHDEVROXWHSHUPHDELOLW\DOVRWKHFRQWDFWDUHDEHWZHHQUHVHUYRLUDQGWKHLQMHFWLRQZHOO$OORIWKHVH
HIIHFWV OHDG WR D ODUJHU IOX[ RI &2 6LPXODWLRQ UHVXOWV DOVR LQGLFDWH WKDW LQ ORQJ WHUP WKH HIIHFW RI
K\GUDXOLFIUDFWXULQJRQLQMHFWLYLW\LVTXLWHOLPLWHG






)LJ (YROXWLRQ RI WRWDO LQMHFWLRQ UDWH IRU K\GUDXOLF IUDFWXULQJ       )LJ (YROXWLRQ RI WRWDO LQMHFWLRQ UDWH IRU GLIIHUHQW VDOLQLW\ 
FDVHVD.I 'E.I 'FDVHVDEFGLQMHFWVIUHVKZDWHUILUVW
,PSDFWRIVDOLQLW\RQLQMHFWLYLW\
,PSDFW RI VDOLQLW\ RQ LQMHFWLYLW\ ZDV LQYHVWLJDWHG WKURXJK VLPXODWLRQ FDVHV ZLWK GLIIHUHQW VDOLQLW\
)LJXUHVKRZVWKHVLPXODWLRQUHVXOWVRIWKHLQMHFWLRQUDWHVDWGLIIHUHQWWLPH&RQVWDQWSUHVVXUHLQMHFWLRQ
SURGXFHVYDULDEOHUDWHVGXHWRFKDQJHRIPRELOLW\GXULQJLQMHFWLRQ7KHLQMHFWLRQUDWHVRIFDVHDDQGFDVH
GDUHVOLJKWO\KLJKHUWKDQEDVHFDVHZKLOHWKHUHVXOWVRIFDVHEDQGFDVHFDUHRSSRVLWH7KLVLQGLFDWHV
WKDWDKLJKHULQMHFWLRQUDWHFDQEHUHDFKHGIRUORZHUVDOLQLW\DTXLIHUVZLWKWKHVDPHLQMHFWLRQFRQGLWLRQV
)UHVKZDWHULQMHFWLRQIRUVKRUWSHULRGZLOOKHOSUHGXFHWKHIRUPDWLRQZDWHUVDOLQLW\DURXQGWKHLQMHFWLRQ
ZHOO&2LQMHFWLRQLQKLJKVDOLQLW\DTXLIHUPD\FDXVHSUHFLSLWDWLRQRIVROLGVDOWQHDUWKHZHOOERUHZKLFK
ZLOO OHDG WR UHGXFH RI WKH DTXLIHU SRURXV VSDFH DQG IXUWKHU UHGXFH LWV SRURVLW\ DQG SHUPHDELOLW\ 7KH
HIIHFWVRIZDWHUSUHLQIXVLRQPHWKRGDUHQRWREYLRXVLQWKLVVLPXODWLRQ:DWHUSUHLQIXVLRQPHWKRGZRXOG
EHPXFKPRUHHIIHFWLYHIRUKLJKHUVDOLQLW\DTXLIHUHJ
,PSDFWRIOHQJWKRIKRUL]RQWDOZHOORQLQMHFWLYLW\
(YROXWLRQ RI WRWDO LQMHFWLRQ UDWH IRU GLIIHUHQW OHQJWKV RI KRUL]RQWDO ZHOO FDVHV LV VKRZQ LQ )LJXUH
&RPSDUHGWRWKHLQMHFWLRQUDWHRIEDVHFDVHLQMHFWLRQUDWHRIFDVHEDQGFLVKLJKHUZKLOHWKDWRIFDVH
DLVORZHUIRUWKHUHDVRQRIGLIIHUHQWOHQJWKVRIKRUL]RQWDOZHOO,WLVQRWHGWKDWLQMHFWLRQUDWHRIFDVHF
ZLWKORQJHUZHOOVFUHHQLVPXFKKLJKHUWKDQFDVHD$IWHULQMHFWLRQIRU\HDUVLQMHFWLRQUDWHRIFDVHF
ZLWK D KRUL]RQWDOZHOO RI OHQJWK/ P LQFUHDVHV DERXW %\&RPSDULQJ WKUHHKRUL]RQWDOZHOO
FDVHVZHFDQ ILQG WKDW LQMHFWLRQ UDWHFRXOG LPSURYHDERXW WRQV\HDUZLWK WKH OHQJWKRIKRUL]RQWDO
ZHOO LQFUHDVLQJ  PHWHUV ,W FDQ EH FRQFOXGHG WKDW WKH ORQJHU WKH KRUL]RQWDO ZHOOV WKH EHWWHU
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LPSURYHPHQWIRULQMHFWLYLW\,QFRPSDULVRQWRYHUWLFDOLQMHFWLRQZHOOWKHOHQJWKRIKRUL]RQWDOZHOOLVQRW
OLPLWHG E\ WKH WKLFNQHVV RI WKH UHVHUYRLU )RU UHVHUYRLU ZLWK FHUWDLQ WKLFNQHVV KRUL]RQWDO ZHOO FDQ
HIIHFWLYHO\ LQFUHDVH WKH FRQWDFW DUHD EHWZHHQ WKH ZHOOERUH DQG UHVHUYRLU WR LPSURYH WKH LQMHFWLRQ UDWH
%DVHGRQ WKH UHVXOWV LW DSSHDUV WKDW D KRUL]RQWDOZHOO RI ORQJHU OHQJWKRIIHUV VLJQLILFDQW EHQHILW RYHU D
YHUWLFDOZHOOLQVKRUWSHULRG









)LJ(YROXWLRQRIWRWDOLQMHFWLRQUDWHIRUGLIIHUHQWOHQJWKVRI)LJ(YROXWLRQRILQMHFWLRQUDWHIRUGLIIHUHQWSHUIRUDWLQJ
KRUL]RQWDOZHOOFDVHVDPEPFPSHUIRUDWLQJORFDWLRQDPEP
,PSDFWRISHUIRUDWLQJSRVLWLRQRQLQMHFWLYLW\
)LJXUH  VKRZV WKH UHVXOWV RI WKH LQMHFWLRQ UDWHV IRU FDVHV ZLWK GLIIHUHQW SHUIRUDWLQJ SRVLWLRQV ,W LV
QRWHG WKDW LQMHFWLQJ&2 LQGHHSHU DTXLIHU LV VOLJKWO\EHWWHU WKDQ LQ VKDOORZHU DTXLIHU ,QMHFWLQJ&2 LQ
GHHSHU DTXLIHU FRXOG WDNH IXOO DGYDQWDJH RI WKH UHVHUYRLU VSDFH IRU WKH UHDVRQ WKDW&2 WHQGV WRPRYH
XSZDUGVWRWKHXSSHUDTXLIHUGULYHQE\EXR\DQW%DVHGRQWKHUHVXOWVLWDSSHDUVWKDWZHOOVFUHHQVORFDWHG
DWWKHORZHUSDUWRIWKHUHVHUYRLUFDQHIIHFWLYHO\LPSURYHWKHLQMHFWLYLW\IRUDUHODWLYHO\WKLFNHUUHVHUYRLU

,PSDFWRIWHPSHUDWXUHRILQMHFWHGIOXLGRQLQMHFWLYLW\

)URP)LJXUHZHFDQVHHWKDWDWPRVWWLPHWKHLQMHFWLRQUDWHVRIFDVHFFDVHGDQGFDVHHDUHKLJKHU
WKDQWKDWRIFDVHDZKLOHWKHLQMHFWLRQUDWHRIFDVHEZLWKFROGHUWHPSHUDWXUHLVORZHUWKDQWKDWRIFDVH
D,QDGGLWLRQWKHLQMHFWLRQUDWHRI&DVHGLVKLJKHUWKDQWKHLQMHFWLRQUDWHVIRUFDVHFDQGFDVHHLQ
PRVWRIWKHWLPH7KLVLQGLFDWHVWKDWLQMHFWLRQUDWHGRHVQRWNHHSLQFUHDVLQJZLWKWKHKLJKHUWHPSHUDWXUH
2QFHWKHWHPSHUDWXUHRILQMHFWHGIOXLGLQFUHDVHVWRDFULWLFDOSRLQWLQMHFWLRQUDWHZLOOUHDFKDPD[LPXP
WKHQGHFUHDVHZLWKKLJKHUWHPSHUDWXUH)URPWKHYDOXHRIFDOFXODWHGLQFUHPHQWLWLVFOHDUWKDWLPSDFWRI
WHPSHUDWXUHRILQMHFWHGIOXLGRQLQMHFWLYLW\LVQRWVLJQLILFDQW







D)RUWKHZKROHVLPXODWLRQSHULRGE)URPG G
)LJ(YROXWLRQRIWRWDOLQMHFWLRQUDWHIRUFDVHVZLWKGLIIHUHQWWHPSHUDWXUHRILQMHFWHGIOXLG
3354   Keni Zhang et al. /  Energy Procedia  37 ( 2013 )  3347 – 3354 
&RQFOXVLRQV
,Q WKLVSDSHU WKH LQIOXHQFHRI LQMHFWHGIOXLGSURSHUWLHVZHOO OHQJWK LQMHFWLRQ ORFDWLRQDQGK\GUDXOLF
IUDFWXULQJ RQ LQMHFWLYLW\ KDV EHHQ LQYHVWLJDWHG WKURXJK QXPHULFDO PRGHOV 7KH FRQFOXVLRQV DUH
VXPPDUL]HGDVIROORZLQJ
 ,I HFRQRPLFDOO\ SHUPLWWHG WKH DSSURDFKHV VXFK DV XVLQJ KRUL]RQWDO ZHOO RU ORQJHU LQMHFWLRQ
VFUHHQUHGXFLQJWKHVDOLQLW\RIWKHUHVHUYRLUE\H[WHQGLQJWKHSHULRGRILQMHFWLQJZDWHUIRUKLJKHUVDOLQLW\
DTXLIHUDQGLQWURGXFLQJK\GUDXOLFIUDFWXULQJRIVXIILFLHQWGHJUHHIRUVWRUDJHDTXLIHULPSURYHPHQWFDQKHOS
WRLQFUHDVHWKH&2LQMHFWLYLW\
)RUDUHODWLYHO\WKLFNHUIRUPDWLRQLQMHFWLRQVFUHHQORFDWHGDWWKHGHHSSDUWRIWKHIRUPDWLRQPD\
KHOSLQLPSURYLQJWKHLQMHFWLYLW\
+RUL]RQWDOZHOOPD\EHSUHIHUDEOH LI WKHJRDO LV WR VHTXHVWHUD ODUJHDPRXQWRI&2 LQD VKRUW
SHULRGRI WLPH EXW GRQRW RIIHU D VLJQLILFDQW DGYDQWDJH LQ WHUPVRI ORQJWHUP LQMHFWLYLW\RI D SRWHQWLDO
UHSRVLWRU\
&KDQJLQJWKHWHPSHUDWXUHRIWKHLQMHFWHGIOXLGKDVYHU\OLPLWHGLPSDFWRQWKHLQMHFWLRQUDWHDQG
DFFXPXODWLYHLQMHFWLRQPDVV
$FNQRZOHGJHPHQWV
7KLVZRUNZDVVSRQVRUHGE\&KLQD1DWLRQDO.H\7HFKQRORJ\5HVHDUFKDQG'HYHORSPHQW3URJUDP
XQGHUWKHSURMHFW%$&%DQG16)&XQGHUWKHSURMHFWRI
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